To ensure sequestration safety, confirming the injectivity of the reservoir rock formation is of critical importance, requiring studies of the rock permeability to uncover the fluid migration scenarios within the porous reservoir rock. Two-phase (super-critical CO 2 -brine) flow behavior following the post CO 2 injection is believed to be a dominating factor; its flooding behavior within the porous rock media needs to be further clarified prior to confirming the feasibility of domestic CO 2 geo-sequestration. This study aims to determine the relative permeability of rock cores obtained from field outcropping. A test facility was established to determine the relative permeability during drainage and imbibition processes using a core-flooding test characterized by displacement method. The test facility was assembled locally and is regarded as a pioneering attempt. By relevant data interpretation, the parameters of relative permeability for predicting the movement of super-critical CO 2 after injection can be modeled. More reliable parameters can be obtained using history matching processes wherein time-elapsed data calibration is used in conjunction with a computer code, TOUGH2. The test results were iteratively calibrated using numerical simulation by conducting a history matching process. The K-S curves derived from best-fit parameters are believed to be the most relevant relative permeability for the reservoir rock. Through this preliminary study, a better understanding of some of the problems and limitations associated with the determination of the rock relative permeability using two-phase flow test is achieved, but more advanced research is required.
IntroductIon
Anthropogenic carbon emissions have long been recognized as a critical factor contributing to global warming (IPCC 2005) . Large-scale geo-sequestration of carbon dioxide derived from coal-fired power plants has been identified as a major abatement technology, which may significantly reduce carbon emissions and mitigate the global warming . A deep saline aquifer where its depth is in excess of 800 m theoretically may be suitable for serving as a geo-sequestration reservoir. However, the injectivity and stability of the reservoir rock have to be confirmed in advance. Some effort have been made, thus far, to study rock porosity and permeability to uncover the fluid migration scenarios, short or long term, in the tiny voids within the reservoir rock. Among those, two-phase (CO 2 -brine water) flow behavior immediately following the post injection stage is believed to be a dominating factor (Benson et al. 2005) . The CO 2 -brine reaction mechanism, however, still needs to be further clarified.
Two-phase flow in porous reservoir rock media like sandstone involves a drainage process where a super-critical phase CO 2 (non-wetting phase) intrudes into rock voids filled with pre-existing briny water (wetting phase). The intruding CO 2 will then replace the briny water assuming sufficient pressure is used to drain the water. Due to the lower density of super-critical CO 2 than that of water, the CO 2 will then move upwards in the reservoir by the buoyancy effect (Silin et al. 2009 ), which may be accompanied with an imbibition process leading to a residual trapping condition within the reservoir. Terr. Atmos. Ocean. Sci., Vol. 28, No. 3, 177-192, June 2017 The injection pressure will be one of the major controlling factors for the drainage process. The pressure must be high enough to overcome the capillary pressure and drain the water away but low enough to prevent an uncontrolled hydraulic fracturing, which might induce unwanted leakage.
In order to better understand, the drainage process for evaluating the feasibility of a domestic CO 2 geo-sequestration, the behavior of the two-phase flow is studied using core-flooding test implemented by the displacement method (Qadeer et al. 2002; Bennion and Bachu 2005; Suenaga and Nakagawa 2011; Kameya et al. 2011) . The sandstone cores were obtained from an outcrop by a shallow drilling machine with a NQ-size sampler, which can acquire undisturbed rock specimens at a depth less than 30 m. A test facility was assembled by the authors' team locally and is regarded as a pioneering attempt. This paper presents the results of the study, including the data acquired, curve fitting by an empirical formula, and fitting parameters for representing the relative permeability.
core sAmplIng
In the early phases of carbon geo-sequestration development, deep-seated rock cores were not available until after a characteristically expensive deep well was deployed. To obtain a basic understanding of rock behavior under twophase flow conditions, typical rock samples from a candidate reservoir are preferable to full-scale on-site research. Figure 1 shows the drilling and core sampling location. Four shallow drillings including TP-01, TP-02, TP-03, and TP-04 were developed at a depth of up to 50 m for each. The homogeneous sandstone in TP-04 has been selected for this study and is sampled from a rock formation of the Early Pleistocene to Upper Pliocene, locally named the Toukoshan Formation. The sampled cores for testing are believed to belong to the lower part of Toukoshan Formation where a sandy deposition prevailed during the fast sedimentation which formed the Foreland Basin in the western flank of an early sedimentary basin of western Taiwan (Lin et al. 2003; Teng and Lin 2004) . The geological process has been found to have a strong connection to the latest orogeny episode several million years ago where a plate-collision center existed in the central part of the island of Taiwan. The rock formation in an outcrop which shows an excellent exposure of the sandstone with shale alternation is shown in Fig. 2. 
core testIng
The core specimen, immediately after being taken from the sampler, was covered with a heat-shrinkable film (membrane). Stabilized by bi-crescent rigid plates and transported back to the laboratory. Figure 3 shows the two-phase test facility used for this study. It has been designed and constructed by the research team consisting mainly from the staff from the Taiwan Power Company and Sinotech Engineering Consultants, Inc.
test Apparatus
The layout of major elements is illustrated in Fig. 4 . The major elements consist of (a) 3 syringe pumps and 1 cell pressure control pump, (b) tri-axial high pressure chamber, (c) volume change meter (two-phase fluid separator), (d) incubator, (e) real-time monitor system, and (f) data logging system. This core-flooding test facility is designed as an unsteady-state or displacement type testing approach. It has been designed to be able to maintain the CO 2 phase condition beyond a critical point, e.g., 7.4 MPa (pressure) and 31°C (temperature). To simplify the two-phase flow process, highly concentrated CO 2 (99.5%) and distilled water instead of briny water was used. A sophisticated density difference two-phase fluid separator which allows precise measurement of the rate of gas outflow and water drainage from the core system in real time was carefully designed and used in the test.
The benefits of using the displacement or steady state method have been widely discussed (Qadeer et al. 2002; Perrin et al. 2009; Suenaga and Nakagawa 2011) . The reasons for selecting the displacement method in this study is not only to take into account the cost and time involved in a steady-state method, but also to consider an easier reliability check in conjunction with other research teams in Japan, OYO Corporation (Kameya et al. 2011) , and CRIEPI (Suenaga and Nakagawa 2011) .
When using the steady-state method , combinations of different proportions of CO 2 and water are injected into a pressurized rock core specimen under a constant flow rate until a steady state two-phase flow condition is reached. The induced pressure and stable flow rate against the water saturation (S w ) are then recorded. Since the fluid injection rate at the inlet will eventually equal the outflow rate at the outlet allowing fluid permeability to be calculated directly by virtue of Darcy's law.
Due to the fact that a relatively prolonged time is needed in reaching a steady state flow condition involved in a steady-state test, the displacement method is noted as a much more efficient test method apart from its drawbacks in the complexity involved in test data processing procedures. Different from the steady state test, only the transient state of flow behavior can be obtained during the displacement test, and thereby, a series of sophisticated calculation procedures must be exercised in order to obtain realistic results resembling a steady state flow condition. Moreover, highly accurate test monitoring data, including differential pressure change, and outflow water and gas (super critical CO 2 ) volume, are necessary to achieve high quality test data processing and interpretation.
It has been noted by Kameya et al. (2011) that in a displacement type core flooding test, both the saturation and pressure change rapidly near the outflow surface. This phenomenon is caused by a discontinuous change of capillary pressure across outflow surface and is usually called a capillary end effect. To reduce the capillary end effect, the flow rate must be sufficiently high. Toth et al. (2001) emphasized that the capillary end-effects will normally affect the measurement accuracy both in a displacement method and a steady state method; however, the effect can be minimized if the injection rate can be increased to some extent in a displacement method. By mercury-injection capillary pressure tests conducted on rock samples, Bennion and Bachu (2006) depicted the impact of interfacial tension and poresize distribution/capillary pressure characteristics on relative permeability with regard to CO 2 within reservoir conditions in a CO 2 -brine system. Unfortunately, how capillary behavior inside the rock voids affects core flooding under a twophase laboratory environment remains uncertain and is only qualitatively known. A typical two-phase flow involved in displacement fluid processes in a porous media is normally described as consisting of two cycles including the drainage displacement and imbibition displacement. In a drainage cycle, the super-critical phase CO 2 is injected at a constant flow rate or constant differential pressure into a water-saturated core specimen by the displacement method under preset pressure (P) and temperature (T) conditions. Both the absolute permeability (k a ) and relative permeability (k rw and k rg ) can be obtained by the drainage test under different stages with the same P-T condition. The subsequent imbibition process is also made possible in a reverse operation. In the case where the super-critical phase CO 2 is injected at a constant flow rate, it should be noticed that the higher the rate, the higher the relative permeability is (e.g., Qadeer et al. 2002) .
test data
The preset test condition used in each of the tests is shown in Table 1 . The operation procedure has been standardized through a series of calibrating cores using purchased Berea Sandstone with a precisely known permeability (k a ) in ranges of 100 -300 mD (mini-Darcy). To assure all the results are accurate, both reliability and validity tests have been implemented with Berea Sandstone prior to testing the field sample cores. Figure 5 shows the results of the reliability test using two identical sandstone core specimens.
The diameter of the testing core specimen is around Fig. 3 . Two-phase test facility -Displacement method. The major elements consist of (a) the 3 syringe pumps and 1 cell pressure control pump, (b) tri-axial high pressure chamber, (c) volume change meter, (d) incubator, (e) real-time monitor system, and (f) data logging system. 5 cm both for the Berea Sandstone and field sample cores. A constant flow rate control rather than a constant pressure control is adopted due to the fact that the maximum capacity of the volume meter to collect the displaced fluid is limited. During the test, the 5 cm high sample was wrapped properly with special lead-embedded membrane around the perimeter to ensure that the injected flow will go through the core assembly internally without leakage (see Fig. 6 ) or fluid bypassing around the core. After water saturation and consolidation, the temperatures in the incubator (maximum capacity 70°C) and circulation thermostat were set constantly at 40°C.
establish K-S curve
The purpose of the two-phase test is to generate the relationship between relative permeability (Corey 1954 ) and saturation, which has been often quoted as the K-S curve. A widely used empirical formulation proposed by van Genuchten-Mualem (vGM) (Mualem 1976; Van Genuchten 1980 ) is adopted for representing the test result due to the fact that it has been recommended as an essential input in the TOUGH2/ECO2N simulation code (Pruess 2005) when dealing with the geo-sequestration problem in a deep saline aquifer. The empirical formulation of K-S curve as proposed by Pruess (2005) is shown below:
The parameters K rw and K rg in Eq. (1) denote the relative permeability for water and relative permeability for gas, respectively. The parameter S w in Eqs. (2) and (3) denotes water saturation in an incurred transient state. Parameters S and S V are calculation values. The K-S curve can be defined by three parameters including λ, S wr , and S gr , where parameter λ represents an exponent, parameter S wr represents the irreducible water saturation, and parameter S gr represents the irreducible gas saturation.
The results of the three sets of tests using the cores sampled from boreholes no. TP-04 and TH-04H are outlined in Table 2 . Best-fitting parameters with the vGM model to describe the relative permeability are also shown. All of the data can provide the required information to establish the relevant K-S curves as those shown in Fig. 7 , respectively for the three sets of tests. Time-elapsed test results of Test-3 in the drainage cycle, including data of (a) differential pressure, (b) flow rate control, (c) two-phase volume change, and (d) gas saturation are shown in Fig. 8 .
InterpretAtIon
It is not an easy task to interpret the test results to formulate a relevant K-S curve to be adopted as the input parameters for a numerical simulation. One major reason is that during a two-phase test by the displacement method, the saturation states for both the water and gas under drainage or imbibition cycles were difficult to quantify with high precision, apart from the difficulty that an uncertain admixture amount of two components can happen during the flooding process. Methods which are currently used can be subdivided into two representative methods, the (1) Pseudo-Darcy Method, and (2) Modified JBN Method. These methods are regarded as rational approaches for interpreting the test data in this study despite the uncertainty in the two-phase mixture volume which are described below.
pseudo-darcy method
This method is a rather straight forward approach by simply assuming the injected pressure is taken as the mean value of the input and output pressures measured on both ends of the core. Thereby, the calculation of permeability follows exactly the same theory as proposed by Darcy's Law. The saturation for both the water (S w ) and gas (S g ) can be defined as follows, respectively.
L, A, and z in Eq. (4) denote the specimen height, Fig. 6 . The rock core sample (5 cm height) is wrapped properly with a special lead-embedded membrane around the perimeter to ensure the flow will go through the sample internally without leakage. 
The parameters involved in the above equations and their corresponding meanings are denoted in Table 3 . Figure 9a shows the test data points in a K-S space for Test-3 as an example. A sudden change in relative permeability when the water saturation value decreases below a value around 67% can be noted with regard to the k rw -S w relationships. This sudden change may be explained as the gas break-through point in the drainage cycle of the core flooding test.
modified Jbn method
In a relative permeability test using the displacement method, due to the fact that it is not applicable to measure fluid flow rate in the outlet core end directly, a separator for separately measuring the displaced liquid and gas phase volume is required. As a consequence, Johnson et al. (1959) proposed a relevant method that can be used to calculate the relative permeability from the displacement method where the pressure drop across the core and the cumulative fluid recovery of the displaced phase are known. This approach has been widely used by the oil industry and is generally called JBN method by commemorating the three authors who proposed the approach.
The conventional JBN method used Darcy's law and the Buckley-Leverett equation (Buckley and Leverett 1942) together and expanded the permeability ratio concept, which was originally suggested by Welge (1952) . The JBN method has two basic assumptions, (1) the flow velocity is constant at all cross sections of the specimen, and (2) the flow velocity of fluids is sufficient to overcome capillary pressure. During the flowing process, the constant flow velocity is also assumed to ensure the fluid is incompressible. It has been noted that due to the capillary effect, the saturation in the displacing fluid phase will suddenly drop near the outlet. It has been referred as the head end effect. Hence, the pressure drop between both ends of the specimen must be large enough to assure a minimum saturation gradient so the capillary effect can be ignored. Based on the abovementioned assumptions and applied to this study, a Modified JBN Method is suggested in this study and could be partly rewritten as follows. ( )
The calculation process for obtaining water saturation (S w ) and gas saturation (S g ) resembles those already shown in Eqs. (4) and (5). Equations (11) to (13) illustrate the main control formula involved in the Modified JBN Method for generating a relevant data relationship in a K-S space as long as the capillary end effect is negligible and the volumetric change of the gas is substantially small. The symbols and their corresponding meanings can be found in Table 3 .
It has been noted that direct substitution of the core injection testing data into Eq. (12) induced some difficulties and the results are not satisfactory. This is not only because the water outflow rate is too small but also the corresponding curve is not so smooth after a CO 2 break-through in the specimen. Qadeer et al. (2002) proposed a sophisticated idea to enhance its practical application wherein they introduced displaced two-phase flow observation information obtained during the displacement test and improved pre-existing methods by reducing the unwanted signal in data processing. Qadeer et al. (2002) in their formulation expressed W o and G i I r as a function of the G i , and refined the signal by polynomial regression as shown respectively in Eqs. (14) and (15).
The authors integrated the smoothing algorithm by referencing the above work and put it into a spread-sheet calculation to enhance the efficiency of data processing. This method of data processing is hereby called a Modified JBN Method.
Using Test-3 as an example, the typical interpreted test results using Modified JBN Method are shown in Fig. 9b . It can be noted that the test data points in a K-S space for the Test-3, unlike the k rw -S w relationship shown in Fig. 9a , are much smoother by contrast.
HIstory mAtcHIng
It has been found that data interpretation using both above-mentioned methods fail to give satisfactory K-S relationships, even though data points in the K-S space using the Modified JBN Method looked apparently smoother than those of the Pseudo-Darcy Method. We should bear in mind that in a displacement test method, the injected CO 2 in the drainage cycle will exhibit a piston-like movement and thus form a moving front. The gas break-through point will be found only when the fluid front leaves the outlet end of the specimen. This is clearly reflected in the test results using the Pseudo-Darcy Method. Those data points prior to the gas break-through point should not be used to generate the K-S Curve; otherwise, misleading results can occur and lead to an erroneous parameter calculation. The history matching method has long been used to calculate the core scale of relative permeability from low rate displacement data (Qadeer et al. 2002; Horne et al. 2008; Krause et al. 2009 Krause et al. , 2011 Suenaga and Nakagawa 2011; Kameya et al. 2011; Kuo et al. 2011 ). The relative permeability curves are examined in this method by a numerical iteration approach until a satisfactory match is reached between observed and calculated data. Thanks to the development of the TOUGH2/ECO2N simulation code (Pruess 2005) , the simulation of a test process is becoming applicable using such a sophisticated simulator which allows for an inside view of the core-flooding process during a twophase flow test with the displacement method. In this study, a parallel version of the TOUGH2 code (TOUGH2-MP v2.0 by Zhang et al. 2008 ) has been used to carry out the relevant simulation work, including the test process simulation and a history matching of test processes. A history matching approach was adopted to rectify the test results by comparing against the simulated results. The general steps of the history matching approach are illustrated in Fig. 10 . It is noted that the history matching method requires the use of capillary pressure data.
the capillary pressure effect
It can be noted that the P-S curve (capillary pressure and saturation relationship) and related parameters have been incorporated simultaneously in the history matching process. As also proposed by Van Genuchten (1980) , the P-S curve can be established by the formulation shown below:
Where in Eq. (16), parameter P 0 denotes the strength factor, and parameter m is a shape factor, which defines the P-S curve. The parameter S wr represents the irreducible water saturation in Eq. (17) while parameters S w , S and S V are intervening calculation values. Normally, the P-S curve can be obtained from a mercury injection test using a porosimeter. The typical mercury injection test results showing the P-S relationships for the cores sampled respectively from the four boreholes in the field outcrop are depicted in Fig. 11 . When CO 2 is injected into the specimens and prior to break-through the specimen, the gas saturation distributions are not only affected by the entry pressure (also referred to as threshold pressure), but also by the capillary pressure. An increase in the injection rate may help increase the displaced water volume, reduce the head effect, and avoid overestimation of irreducible water saturation. The capillary effect can be tested using a history matching simulation. Table 4 and Fig. 12 show the P-S curves of the three sets of matching results (Test-1, Test-2, and Test-3) compared with one test result using the mercury inject test (MIT). The curved shapes used in the history match resemble the core test results by MIT, but the order of magnitude is slightly lower. It should be noted that the P-S curves of core test results by MIT used here are only a typical results among several tested samples. Best fit of the history matching curves to MIT results can be obtained if the best of strength factor P 0 is adopted (Lei et al. 2011) .
relative permeability
The acquired test data, including mainly the differential pressure, outflow rate of displaced water or CO 2 , and the water or gas saturation can be used as ideal targets for history matching with respect to numerical output. Figure 13 Table 4 . Best fitting parameters of P-S curve by the history matching approach.
Note: * van Genuchten function (Van Genuchten 1980) . shows the matching condition where controlling parameters of vGM model were calibrated by a group of parameters controlling the capillary pressure. The calibrated data where a satisfactory match was obtained using Test-1 results as an example are listed in Table 5 . Figure 14 shows the comparisons of the K-S relationships using the test data of Test-1. The test data derived from test interpretation using both the Modified JBN and Pseudo-Darcy approaches are compared with the history matched K-S curves as constructed by the TOUGH2 simulation process. The dashed lines in Fig. 14 denote the K-S curves directly interpreted from test results while the calibrated K-S curves by the historical match method are shown by solid lines in the figure.
It has been noted that these test interpretations for Test-1 can only be based on the results within the test range where the gas break-through point has been reached. Like those K-S curves (dashed lines) schematically shown in Fig. 9 for Test-3, the high water saturation side beyond the gas break-through point denotes the initial stage of the drainage cycle where only the water phase is displaced like water flow inside a cylinder until reaching the outflow and the flooding process resembling a single phase behavior. The onset of a two-phase flow can be found only when the gas breakthrough point is reached. Hence, only the data on the low water saturation side beyond gas break-through point are regarded as meaningful results.
Apparently, there is still an intrinsic gap existing in between the experimentally observed and numerically calibrated data. The calibrated K-S curves derived from the vGM model parameters listed in Table 5 are incapable of fully matching the test data; and the test interpretation results tend to overestimate the relative permeability values as illustrated in Fig. 14. These non-negligible differences imply the apparent influences induced either by ignoring the capillary pressures, or resulting from approximating a transient state as a steady state in a displacement flooding process. As a consequence, however, it is important to know that in the interpretation of test data in a two-phase flow flooding process using the displacement method, the relationship with the selected capillary effect, e.g., P-S curve, of the core sample should not be fully ignored.
FIeld InJectIon predIctIon
With the basic calibrated parameters of K-S and P-S curves by laboratory testing, relevant field injection prediction can be performed to help in planning an upcoming pilot injection test program in a carbon sequestration project. Figures 15 and 16 show the field scenario analysis based on parameters by current history matching results (using the Test-1 parameter sets as an example). These simulation results are regarded as a preliminary effort since a field test is not yet possible.
The 6 km square geological model for field injection prediction is constituted of a sandstone reservoir with a thickness of 150 m and a up lying cap rock with a thickness of 100 m. The injection depth is approximately 2350 m. The nearly flat reservoir stratum dips along a north-east azimuth with a dipping angle of 5 degree. Three monitoring wells surrounding the injection well are all at a distance of 50 m. This arrangement is designed to observe the results of injected CO 2 . In this study, the injection rate for the scenario analysis is set at 20 tons per day in the early operation and increases to 40 tons per day after 120 days. The injection point is set at 5 m under the bottom of the cap rock; the injection operations last for one year. History matched parameter sets of Test-1 have been adopted in the field injection prediction analysis to identify the degree of injection influences within the reservoir at preset permeability condition. (Mualem 1976; Van Genuchten 1980) . Figure 16a shows the result of injected CO 2 where the plume colour contours represent the degree of CO 2 gas saturation after the end of one-year injection operation. Figure 16b indicates the time-lapsed responses, including (1) the differential pressure of the injection well and one of the monitoring wells, and (2) the super-critical CO 2 arrival time. An observation point was installed at the bottom of a cap rock within each well. It is noted that the different pressure responses within the reservoir can be observed within injection well (ΔP_Inj_Test-1) and the monitoring wells (ΔP_Mon1_Test-1) respectively. The CO 2 gas saturation (SG_Mon1_Test-1) can also be obtained wherein the time of arrival of CO 2 from injection well to a monitoring well can be predicted. The latter is particularly important for planning a pilot test.
Results of Fig. 16b have shown the importance of a K-S curve input for practical prediction of CO 2 plume behavior simulation. Upon obtaining the monitoring data from a real field injection test, history matching approach should be exercised again to calibrate the input K-S and P-S curves, so long as the scaling effect of laboratory and field test is taken into account.
conclusIon
In this study, relevant K-S curves for porous sandstone cores sampled from a candidate reservoir rock have been obtained. The K-S curves are regarded as critical input parameters controlling the feasibility of geo-sequestration in a deep saline aquifer.
A two-phase flow or core-flooding test process using the displacement method with constant flow injection has been successfully established with corresponding tests successfully carried out. Through the tests, a comprehensive study of the two-phase flow behavior for both the drainage and imbibition cycles in preset testing conditions has been conducted. It has been also shown that K-S curves obtained directly from the test results in the drainage cycle can not reflect the two-flow phase behavior alone. Parallel considerations of the capillary pressure in the interpretation of the test results might also be necessary especially when the allowable injection flow is low.
Using the Pseudo-Darcy Method and Modified JBN Method to interpret the test data, we were able to model the parameters of relative permeability for predicting the movement of super-critical CO 2 after injection into rock formations. However, to enhance their reliability and real-world applicability, the modeled parameters can be calibrated using history match processes. Hence, the iterative curve-fitting calibration on the time-elapsed test data should be exercised by back-analysis using the computer code TOUGH2.
This study establishes a conceptual model for conducting the history matching process to assist the interpretation of core-flooding test results, and to improve data reliability. The model is shown to be applicable if and only if the capillary effect is properly taken into consideration.
Moreover, a field injection prediction analysis has been implemented in the study and the significance of a K-S curve input to a practical prediction of CO 2 plume behaviour simulation is identified. Upon obtaining the monitoring data from real field injection test, history matching method should be exercised again to calibrate the input K-S and P-S curves, as far as the scaling effect of laboratory and field testing is taken into account.
(a) (b) Fig. 16 . Time-lapsed injection responses over a one year period, (a) the CO 2 plume distribution within the reservoir in terms of gas saturation contour, and (b) the differential pressure of the injection well and monitoring well-1. Also shown is the super-critical CO 2 arrival time as a function of gas saturation.
